. Molecular and metabolic profiles suggest that increased lipid catabolism in adipose tissue contributes to leanness in domestic chickens.
DOMESTIC CHICKENS PROVIDE an abundant and relatively inexpensive source of dietary protein in the form of both meat and eggs and are an important food animal worldwide. As a model organism, the chicken has been widely used for studies of developmental biology and immune function (14) . Chickens are also a valuable, although underutilized, model for studies of adipose metabolism and obesity. Commercial broiler chickens rapidly deposit abdominal fat due to intensive genetic selection for growth and are considered "obese" relative to leaner eggtype or wild lines of chickens (reviewed in Ref. 67) . Excess fat deposition begins at hatch and continues through the juvenile period, prior to sexual maturation, making broilers a novel model for childhood obesity. Chickens are naturally hyperglycemic (up to 200 mg/dl in the fasting state) and resistant to exogenous insulin, mimicking the early stage of Type 2 diabetes in humans (5, 73) . In both chickens and humans, but not rodents or swine, liver rather than adipose tissue is the primary site of de novo lipogenesis (54, 62, 71) . Quantitative trait loci (QTLs) that have been associated with heritable differences in chicken fatness contain genes linked to obesity or diabetes in humans (60) . Adipocyte hyperplasia is a dominant mechanism for adipose expansion during the first several weeks of life in chickens, making them an attractive model for studies of parallel processes in children (15, 31) . Finally, external development in ovo provides means to directly manipulate the environment in which the chick develops, which is relevant for studies of environmental obesogens.
Chicken breeds harbor segregating genetic variation that can drive wide variation in growth and metabolic phenotypes. Genetic diversity, based on the frequency of single nucleotide polymorphisms, among domestic chicken strains exceeds that of human by about sevenfold and rivals the level of sequence variation found among subspecies of mice (80) . This diversity provides significant phenotypic plasticity, as illustrated by lines that differ in body weight by 10-fold through phenotypic selection (22) . Adiposity responds rapidly to selection, and marked differences in adiposity can be produced independent of variation in feeding behavior (48, 74) .
Elevated delivery of lipids from the liver to adipose tissue and increased glucose consumption contribute to fat deposition in chickens (53) . Phenotypic selection for elevated plasma VLDL levels or low plasma glucose levels yields birds with increased fatness (37, 53) . Likewise, lines selected for differences in fatness have divergent VLDL and glucose levels. How adipose tissue metabolism contributes to differential fatness in chickens is unknown; most studies of fat and lean chicken lines have focused on liver due to its role as the primary lipogenic tissue in avians. In vitro, supplementing the media of primary chicken preadipocytes with fatty acids can induce adipogenic differentiation in the absence of the conventional adipogenic factors used in rodents (58) , suggesting that adipocyte lipid metabolism is tied to adipose development.
In an effort to characterize metabolic regulation of chicken adipose tissue, we recently used adipose tissue transcriptomics and metabolomics to characterize the responses of young broiler chicks to short-term (5 h) fasting or insulin deprivation (45) . Loss of insulin action had modest effects on adipose metabolism, consistent with insulin resistance in chicken adipose tissue. An acute period of food withdrawal, however, broadly affected genes in pathways related to both metabolism and growth. Fasting suppressed expression of genes involved in cholesterol and fatty acid synthesis and upregulated genes that mediate fatty acid oxidation, including the rate-limiting genes for both peroxisomal [acyl-Coenzyme A oxidase 1 (ACOX1)] and mitochondrial [carnitine palmitoyltransferase 1 (CPT1)] fatty acid oxidation. Fasting significantly repressed expression of genes involved in each stage of adipogenesis, from mesenchymal stem cell commitment through late markers of differentiation (45) . Collectively, the response to a shortterm fast suggested that molecular pathways that underlie adipose expansion through both adipocyte hypertrophy and hyperplasia are dynamically coupled to energy status in chickens.
The primary objective of our current study was to characterize adipose tissue from relatively lean and fatty lines of chickens as a further step toward understanding adipose metabolism in this important model organism. In particular, we tested the hypothesis that pathways activated by fasting, an intervention that leads to adipose loss, are also differentially regulated in genetically lean vs. fat chickens, using the existing set of characterized chicken lines to select two lean models against which to compare broilers. Fayoumi chickens originated in Egypt and represent a hardy strain of chickens that is more resistant to diseases (63) , while Leghorn chickens are the original breed of commercial US layers. Adiposity (abdominal fat pad weight relative to body weight) at 8 wk of age in both Fayoumi and Leghorn is approximately half that of broilers (21) . All three lines have been characterized extensively with respect to growth, body composition, and immune function (21, 49, 65, 66) . Furthermore, these three lines represent the parental strains used to create a panel of advanced intercross lines that can be used for systems genetics studies in chicken (85) , comparable with the BXD and Collaborative Cross populations available in mice (19, 77, 78) . Plasma metabolites and endocrine parameters were investigated, and abdominal adipose tissue transcriptomics and metabolomics were assayed by microarrays and high-performance liquid chromatography-tandem mass spectrometry (LC-MS/MS). Gene expression, metabolic, and physiological data were integrated to provide a comprehensive understanding of the variation in fatness between these representative lean and fatty lines of chickens.
METHODS AND MATERIALS
Animals. Birds were from the highly (Ͼ99%) inbred Leghorn (Ghs-13) and Fayoumi (M5.1) lines (used as models of leanness) and an outbred broiler line all maintained at Iowa State University (85) . The animal protocol, including humane euthanasia, was approved by the Iowa State University Institutional Animal Care and Use Committee, log #4-03-5425-G. Hatched chicks were wing-banded for individual pedigree identification. Birds were grown under standard management conditions and had ad libitum access to water and feed. At 7 wk of age, six male birds from each of the three lines were euthanized and weighed. The abdominal fat pad grows more rapidly than other depots, is the largest fat depot in chickens, and reflects overall fat accretion (reviewed in Ref. 17) . Accordingly, the abdominal depot was removed and weighed as a measure of fatness and for subsequent analyses of gene expression. Samples of adipose tissue and serum from each bird were collected, rapidly snap-frozen in liquid nitrogen, and then stored at Ϫ80°C until analysis.
Determination of physiological parameters. Serum glucose levels were measured by the glucose oxidase method using a colorimetric kit (Cayman Chemical, Ann Arbor, MI). Nonesterified fatty acid (NEFA) levels and triglyceride (TAG) were determined with commercial assays (Wako Chemicals, Neuss, Germany). Glucagon and VLDL levels in the serum were determined by chicken glucagon ELISA kit and chicken VLDL ELISA kit (Novatein Biosciences, Cambridge, MA). Beta-hydroxybutyrate (␤-HB) was determined by enzymatic colorimetric kit (Biovision, Milpitas, CA).
Histological analysis of adipocyte size.
A portion of the abdominal fat pad was fixed in 4% paraformaldehyde and then washed in PBS. The samples were embedded in paraffin, cut into 5 m sections, and stained with hematoxylin and eosin (H&E). Adipocyte size was measured by a previously established method (18) . Briefly, the tissue sections were viewed at ϫ10 magnification, and images were obtained. The illumination of the images was adjusted using CellProfiler cell image analysis software (16) . After the illumination was adjusted, the images were converted to a binary image in ImageJ (70) by the following commands: Gray Mode and Threshold. The binary images were further adjusted using Despeckle, Watershed, Erode, and Paintbrush. The cross-sectional areas of the adipocytes were measured by the Analyze particles command and converted to volumes. Approximately 200 adipocytes per chicken were measured.
Gene expression. Total RNA was isolated from chicken adipose samples using the RNeasy Lipid kit and incorporating an on-column DNase treatment according to the manufacturer's protocol (Qiagen, Valencia, CA). RNA quality and concentration were measured using the Experion System (Bio-Rad, Hercules, CA). Only RNA samples with RNA Quality Index scores Ͼ 7.2 were used for further studies. Transcriptome profiling in chicken adipose tissue was performed by Genome Science Resource at Vanderbilt University (Nashville, TN) using the Affymetrix GeneChip Chicken Genome Array (San Diego, CA). Real-time PCR validation of select genes was performed on RNA samples from chickens used for microarray analyses and additional chickens within each strain (n ϭ 6 -7 per group). RNA samples were transcribed into cDNA using the iScript cDNA Synthesis Kit (Bio-Rad) and products amplified with commercially designed primers (Quantitect, Qiagen) and the corresponding SYBR green master mix using a Cfx96 real time PCR instrument (Bio-Rad). Relative differences in gene expression were calculated by the 2
Ϫ⌬⌬Ct method, with ␤-tubulin used as a reference gene.
LC-MS/MS. Metabolite abundance was determined in snap-frozen samples of abdominal adipose tissue samples from six birds of each line (the same six birds used for expression profiling), as previously described (45, 79) . Briefly, pulverized adipose tissue was extracted with chilled methanol, and internal standards [1.7 mM benzoic acid for negative mode and 4.25 mM Tris (hydroxymethyl) aminomethane for positive mode] were added to each tube. Samples were transferred to an autosampler vial, and analyzed by LC-MS/MS in each of positive and negative ionization modes by known methods (8, 79) . Samples were placed in the autosampler tray of a Finnegan Surveyor HPLC, which chilled to 4°C, and 10 l of each was injected onto a Phenomenex Luna 5 NH2 100Å HILIC column (250 ϫ 2.00 mm, 5 ) for positive mode and a Phenomenex Synergi 4 Hydro-RP 80Å C18 column (150 ϫ 2.00 mm, 4 ) for negative mode analysis on a Finnigan TSQ Quantum Discovery Max triple quadrupole MS, which was equipped with an electrospray ionization source and operated in multiple reaction monitoring (MRM) mode. For positive mode, a 40 min gradient of 95% 20 mM ammonium acetate and 20 mM ammonium hydroxide in HPLC grade water buffered at pH ϭ 9.4 with 5% HPLC grade acetonitrile (solvent A) and pure HPLC grade acetonitrile (solvent B) was performed. The column was maintained at 10°C, and a flow rate of 150 l/min was used. For negative mode, a 50 min gradient of 97% 11 mM tributylamine and 15 mM acetic acid in HPLC grade water (solvent A) and 3% HPLC grade methanol (solvent B) was performed. The column was maintained at 25°C, and a flow rate of 200 l/min was used. MRM detection parameters for most compounds have been previously reported by Bajad and coworkers (8) .
Statistical analysis. Body weight, fat weight, adiposity, and plasma levels of glucose, TAG, NEFA, and thiobarbituric acid reactive substances were compared among groups using a mixed model and Tukey mean separation in SAS 9.2 (Cary, NC). Distribution of adipocyte sizes was analyzed using propTable and plotted in R 2.13.0. Statistical analysis of the microarray data, including clustering, was performed using R 2.13.0 and routines contained in Bioconductor (bioconductor.org), as previously described (45) . Briefly, GC robust multiarray average was used to normalize and scale raw data from CEL files. After normalization, we filtered data for low expression by removing any probes with normalized expression Ͻ3 in at least 5 arrays. Statistical significance of gene expression differences were analyzed using single factor ANOVA and empirical Bayes using the limma package (1). Differential expression was defined based on false discovery rate (FDR) adjusted P value Ͻ0.05. FDR was controlled by the well-established Benjamini-Hochberg method, which was developed to be less restrictive than other methods but still address the challenges of multiple testing (9) , which can lead to false positive results. Hierarchical clustering of significant genes was performed using the hclust function, using average linkage as a similarity measure, and a hierarchical clustering heat map was created using heatmap.2 in the gplots package. Gene set enrichment analysis of clusters of differentially expressed genes was performed using DA-VID (the database for annotation, visualization and integrated discovery) (41) , while enrichment analysis for sets of differentially expressed genes in each pairwise comparison of strains was performed using ClueGO, a Cytoscape plug-in (10) . ClueGO provides additional flexibility that is useful for larger gene sets. Both sets of analyses were based on Gene Ontology (GO) Biological Process terms, levels 6 -8, and KEGG pathways were also used in DAVID to annotate gene clusters. Number of represented genes (Ͼ6) and percentage of annotated genes represented (Ͼ9%) were used to limit output for GO terms with the larger datasets in ClueGO. For both types of gene set enrichment analyses, Benjamini-Hochberg-adjusted P values were used to control for FDR (9) . Statistical analysis of metabolomic data was performed with an analysis tool that we developed specifically for metabolomic data analyses (26) . This R script (metabR) uses linear mixed-effect modeling to normalize metabolomics data for fat mass and internal standard. The script averages any replicate measurements (statistical sampling) made on experimental units and performs ANOVA to test for statistical differences between experimental groups.
RESULTS
As expected, broilers were significantly heavier and fatter than Fayoumi and Leghorn. Body weight was 4.2-and 5.3-fold greater in broilers than in Fayoumi and Leghorn, respectively (Table 1) . Abdominal adipose weight differed between the two lean strains and broilers (P Ͻ 0.05), but the differences were disproportionate to body weight. Accordingly, adiposity [(fat pad wt/body wt)*100] differed significantly between all three strains, with Leghorns as the leanest line (0.40 Ϯ 0.16), broilers as the fattiest (0.92 Ϯ 0.17), and Fayoumi intermediate between the two (0.63 Ϯ 0.31). Plasma levels of NEFA (an index of lipolysis) and ␤-HB (an index of fatty acid oxidation) were significantly higher in both lines of lean chickens compared with broilers (P Ͻ 0.05, Table 1 ). Both NEFA and ␤-HB showed significant and inverse correlations with fat pad weight ( Table 2 , P Ͻ 0.05). Circulating VLDL levels were more than three times greater in broilers vs. Fayoumi, consistent with elevated VLDL in genetically selected fat lines of chickens (38, 68) (Table 1) . Plasma level of VLDL in Leghorn was similar to broilers, as previously reported (31), despite their differences in fatness. Nonetheless, VLDL levels were positively correlated with fat pad weight (R 2 ϭ 0.62, P ϭ 0.013; Table 2 ). Plasma glucagon (Table 1 ) and glucose (data not shown) levels did not differ significantly among the three lines of chickens.
Adipocyte size was measured in H&E-stained sections of abdominal adipose tissue to specifically assess adipocyte hypertrophy as a measure of fatness (Fig. 1A) . Fat cell volume increased with fatness and differed significantly between each pairwise comparison, with the largest average volume in broilers (238,225 m 3 ) and the smallest in Leghorn (105,071 m 3 ), the leanest of the three lines (Fig. 1B) . The relative abundance of very large adipocytes (Ͼ75,000 m 3 ) was ϳ8% in the tissue of broilers, but Ͻ1% in Fayoumi and Leghorn (Fig. 1C) .
Physiological differences between the lean lines compared with broilers were paralleled by significant differences in adipose gene expression profiles. A total of 1,932 genes were differentially expressed in Leghorn and/or Fayoumi compared with broilers based on an FDR adjusted P value Ͻ 0.05 and fold-change Ͼ |1.5| (Fig. 2 , Additional File 1). 1 The numbers of genes that were differentially expressed in Fayoumi vs. broiler and Leghorn vs. broiler were comparable (1,118 and 1,232 genes, respectively), and a total of 418 genes were differentially expressed in both lean lines compared with broilers. There were considerable differences between the two lean lines, with a total of 940 genes differentially expressed between Leghorns and Fayoumi, of which 280 were unique to this comparison.
GO enrichment was used to functionally annotate the set of 1,233 genes that were differentially expressed (FDR Ͻ 0.05 and fold-change Ն |1.5|) between broilers and Leghorns, the leaner of the two lean lines (Table 3) . Leghorn differed from broilers in numerous functions related to lipid and fatty acid metabolism and synthesis. Significantly enriched processes included fatty acid, unsaturated fatty acid, cholesterol, isoprenoid, and acyl-CoA biosynthesis, cholesterol metabolism, 1 The online version of this article contains supplemental material. . Leghorn also showed upregulated expression of genes that regulate adipogenesis, including several members of the Wnt signaling pathway such as WNT inhibitory factor 1 (WIF1), transcription factor 7-like 2 (TCF7L2), tribbles homolog 2 (TRIB2), and frizzled-related protein (FRZB) (7, 25) . Genes differentially expressed in Fayoumi vs. broiler were also significantly enriched for fatty acid oxidation (Table 3) .
Fayoumi adipose tissue showed significantly higher expression levels of CPT1A, ACACB, PRKAA1, and LPIN1 compared with broilers, differences comparable to those of Leghorn vs. broilers. GO terms related to fatty acid synthesis were not enriched among genes differentially expressed between broiler and Fayoumi (Table 3) , although expression of DGAT2, which incorporates newly synthesized fatty acids and is considered rate-limiting for triacylglycerol synthesis (82) , was significantly lower in Fayoumi than broiler. Fayoumi also showed significantly lower expression of long chain fatty acid desaturases (FADS1, FADS2, and SCD5) compared with broilers. A total of 940 genes were differentially expressed between the two lean lines, 280 of which were unique to the Fayoumi-Leghorn pairwise comparison. The set of 940 genes was significantly enriched for an assortment of cellular functions (Table 3) , including protein kinase C signaling. The long-chain desaturases FADS1, FADS2, and SCD5 were expressed at higher levels in Leghorn than Fayoumi, which may be related to selection for traits associated with egg production and yolk synthesis. There were no significant GO enrichments (based on Biological Process levels 6 -8) for the set of 280 genes uniquely different between Fayoumi and Leghorn. Hierarchical cluster analysis of the 2,361 genes that were differentially expressed in at least one pairwise comparison was used to visualize the similarities and differences between groups. As shown in Fig. 3A , birds within each of the three genetic lines clustered together. The dendrogram also shows that expression profiles in broiler adipose tissue were distant from those of Fayoumi and Leghorn, which were more similar to each other. Eight clusters representing different patterns were identified in terms of gene expression (Fig. 3B ). Four clusters (1, 3, 4, and 7) were of interest because their expression patterns qualitatively correlated with fatness (Fig. 3) . The genes in each cluster were submitted to GO analysis, which provides the biological interpretation of the clusters and identifies significantly overrepresented GO terms and pathways (Table 4) . Clusters 1 and 4 contain genes expressed at higher levels in both Fayoumi and Leghorn vs. broiler. Cluster 1 genes, for which Fayoumi and Leghorn expression levels are comparable to each other, are significantly enriched in a number of functions including endocytosis, regulation of Ras protein signal transduction, fatty acid metabolism, and noncoding RNA metabolism (Table 4 ). Cluster 4, in which Leghorn expression levels are highest and broiler levels are lowest, is enriched for calcium ion transport and cellular calcium ion homeostasis. Collectively, clusters 1 and 4 contain genes that regulate fatty acid oxidation, including ACACB, pyruvate dehydrogenase kinase 4 (PDK4), LPIN1, CPT1A, and PRKAA1. Genes implicated in other relevant pathways but not annotated as such through GO are also included, such as dopachrome tautomerase (DCT), which has been recently described as a novel adipokine that regulates adipocyte lipid metabolism through AMPK-activated pathways (43) .
Clusters 3 and 7 contain genes with the inverse patterns of expression. Genes in cluster 7 are expressed at higher levels in broilers and are comparably low in both lean lines; genes in cluster 3 are highest in broilers, lowest in Leghorns, and intermediate in Fayoumi, corresponding to differences in fatness. In combination, these two clusters are enriched for a number of pathways related to lipid, steroid and cholesterol biosynthesis and metabolism, reflecting lower levels of these processes in lean adipose tissue (Table 4) . Cluster 7 is also enriched in oxidative phosphorylation and negative regulation of low-density lipoprotein particle receptor biosynthetic process. A critical inducer of adipocyte differentiation, CCAAT/ enhancer binding protein alpha (CEBPA) was present in cluster 3.
A total of 53 genes were differentially expressed in all pairwise combinations, regardless of fold-change, 46 of which showed fold-change Ͻ |1.5|. Many of these genes were contained in clusters 3 and 4, with qualitative relationships to fatness. Pearson's correlation identified sixteen genes with highly significant correlations (|r|Ͼ0.8 and P Ͻ 0.001) with adipocyte size (Table 5) . DCT is a recently described proinflammatory cytokine that acts as a second ligand for the macrophage migration inhib- Genes (n), number of differentially expressed genes annotated to corresponding Gene Ontology (GO) term (Biological Process levels 6 -8). Genes (%), percentage of term/pathway genes represented. P value, BenjaminiHochberg-adjusted P value. (59) . DCT has also been defined as a novel adipokine that inhibits adipogenesis, upregulates IL-6, and modulates lipid metabolism in adipose tissue (42, 43) . Expression of DCT was inversely correlated with adipocyte size (R 2 ϭ Ϫ0.94, P ϭ 2.19E-07, Table 5 ). Interestingly, DCT expression is negatively correlated with visceral and subcutaneous adiposity in humans (43) . Wnt inhibitory factor 1 (WIF1) was also inversely correlated with adipocyte size (R 2 ϭ Ϫ0.86, P ϭ 4.75E-05). Increased WIF1 expression promotes adipocyte differentiation by inhibiting Wnt signaling (20) . Both DCT (35.8-and 5.0-fold) and WIF1 (44.8-and 7.7-fold) showed markedly higher expression in lean Leghorns and Fayoumis, respectively, relative to broilers. Synaptotagmin XV (SYT15), a poorly characterized member of the synaptotagmin family of integral membrane proteins, showed a strong negative relationship with adipocyte size (r ϭ Ϫ0.91). Characterized members of this family sense calcium and play regulatory roles in exocytosis (33) , including GLUT4 trafficking in adipocytes (55) . The inverse relationship between SYT15 expression and adipocyte size may reflect a role for this gene in secretory or metabolic functions that are differentially affected by adipocyte hypertrophy. RAS, dexamethasone-induced 1 (RASD1), which inhibits adenylyl cyclase and suppresses cAMP signaling (29) , was positively correlated with adipocyte size (r ϭ 0.81, P ϭ 2.33E-04), which may reflect the apparent relationship between lipolysis and leanness. RASD1 expression was 9.1-fold and 3.6-fold lower in Leghorns and Fayoumi, respectively, compared with broilers.
Metabolic intermediates that were significantly altered in adipose tissue of lean Leghorn and Fayoumi compared with broilers were identified. A total of 92 metabolites were detected based on spectral peak area (in ion counts). Forty-seven metabolites differed between treatment groups based on adjusted P Ͻ 0.05, of which 13 differed significantly between both lean lines and broilers and with a fold-change greater than twofold (Table 6 ). This set of metabolites includes both carni- (72) . Abundance of the nucleic acid bases guanosine, cytosine, and adenosine was also significantly increased (ϳ2-to 4-fold for all comparisons) in both lean strains compared with broilers, as were pentose phosphate (3.7-and 2.1-fold, respectively, Fayoumi and Leghorn vs broilers) and several amino acids. Tissue from Leghorns showed significantly higher levels of the 3-carbon glucose metabolites 3-phosphoglycerate (3.5-and 3.6-fold) and phosphoenolpyruvate (7.4-and 5.3-fold) than both broilers and Fayoumi, respectively.
DISCUSSION
Leghorn and Fayoumi chickens were selected from the many existing domestic chicken lines as models of leanness for this study. The Leghorn breed is the primary breed used for selection for white egg production, while the Fayoumi is an Egyptian breed that was imported into the United States in 1954 because of its resistance to many avian diseases. These two lines were selected because they are comparably lean, with similar body weight and composition, but genetically distant from each other and from larger commercial broiler chickens that have a genetic selection history primarily for meat (21) . We reasoned that any phenotypes shared between the two lines and distinct from broilers would more closely reflect common features of leanness per se, rather than unique genetic effects. Fayoumi and Leghorn were also selected because they are the parental lines (along with a commercial broiler line) of an advanced intercross population that could be used for systems genetics studies of fatness in chicken (85) .
The primary trait associated with differential fatness in chickens in previous studies is availability and uptake of TAG delivered from liver in the form of VLDL (32) . Most genetically selected lines with increased fat mass have elevated circulating VLDL levels, and selection for VLDL results in lines with increased adiposity (37) . Plasma VLDL levels were more than threefold greater in broilers than in Fayoumi. Plasma VLDL levels were not different between broilers and Leghorns despite the differences in leanness, which may reflect fundamental differences in lipid metabolism that preferentially preserve VLDL for use in synthesis of the egg yolk. However, both lean lines showed significantly lower expression of genes that mediate uptake of lipids into adipocytes (76) . The VLDL receptor was downregulated in both Fayoumi and Leghorn compared with broilers, while LDL receptor-related protein and LDL receptor were additionally downregulated in Fayoumi and Leghorn, respectively. These results suggest that reduced uptake of VLDL-TAGs into adipose tissue contributes to the leaner phenotype of both Leghorn and Fayoumi lines and is a general feature of leanness in poultry.
Increased lipid catabolism and decreased lipid synthesis in adipose tissue also appear to contribute to leanness in chickens. Plasma NEFA and ␤-HB concentrations were significantly elevated in lean lines compared with broilers, suggesting increases in both lipolysis and fatty acid oxidation in lean lines. Furthermore, both NEFA and ␤-HB were inversely correlated with fatness. These differences were paralleled by differential (72) , were increased in lean lines vs. broilers. Interestingly, these differences between lean and fatty chickens qualitatively resemble the response of broiler chickens to a 5 h fast, as we recently described (45) . Like lean Fayoumi and Leghorn birds, fasted broilers had increased plasma NEFA and higher levels of ␤-HB within adipose tissue. Furthermore, many of the same genes involved in fatty acid oxidation and upregulated in adipose tissue by fasting, e.g., CEPT1, LPIN1, ACACB, and PDK4, were also expressed at higher levels in lean Fayoumi and Leghorn vs. broiler. While the molecular, metabolic, and biochemical data support an increase in adipose fatty acid oxidation, it should be acknowledged that fatty acid oxidation was not directly measured in this study or in our previous work. The physiological inducers of lipid catabolism likely differ between genetically lean lines and fasted broilers. Fasting induced significant increases in plasma glucagon (24) and evidence of increased intracellular cAMP content, based on upregulated expression of phosphodiesterase genes (45), but these differences were not found in lean lines compared with broilers. Expression of PRKAA1, which encodes the catalytic subunit of 5 prime AMP-activated protein kinase (AMPK), was upregulated in both Fayoumi and Leghorn vs. broilers. AMPK is a master metabolic regulator in adipose tissue, and its activation leads to increased fatty acid oxidation and suppressed lipid synthesis (75) , both of which were characteristics of lean chickens vs. broilers based on expression profiles. Activation of AMPK is implicated in a number of conditions that promote fat catabolism in adipose tissue (reviewed in Ref. 28 ), but a role in mediating genetic variation in leanness has not been defined. Further studies are necessary to characterize the specific signaling pathways that mediate differences in adipose metabolism between lean and fatty lines of chickens.
These mediators may provide new insight into the mechanisms of leanness in chickens as well as in humans. The combination of increased lipolysis, based on plasma NEFA levels, and evidence of upregulated adipose fatty acid oxidation in both fasted broilers and lean Fayoumi and Leghorns raise the possibility that liberation and utilization of fatty acids are adaptively coupled in adipose tissue and play a role in maintaining leanness. Studies in mice support this concept. As reviewed by Ahmadian et al. (2) , a number of genetically engineered mouse models (e.g., perilipin-null, FSP27-null, and desnutrin overexpression) exhibit excessive lipolysis and leanness, yet normal levels of plasma NEFA. In these models, white adipose tissue, but not skeletal muscle or liver, compensates by upregulating expression of genes that mediate fatty acid oxidation, with a net effect of normal plasma fatty acid levels. These models are also resistant to diet-induced obesity (3, 44) . This collection of lean mouse models combined with the results described herein support the concept that lipolysis may be a target for prevention of obesity (4, 57) . In humans, obesity rather than leanness is associated with elevated plasma NEFA levels, due to expansion of the tissue that supplies NEFA to the circulation. When expressed relative to adipose mass, however, both basal and catecholamine-stimulated lipolysis are diminished in obese compared with lean individuals (39, 46, 47) . Reduced lipolysis has also been reported in adipose tissue from obese vs. lean children (12) and in adipocytes from normal weight relatives of obese adults (36) , suggesting that genetic variation in the lipolytic response may be a causal factor for obesity in humans. A number of metabolic hormones including glucagon, the primary systemic stimulus for lipolysis in chickens (69) , differ significantly among the three strains and may contribute to increased lipolysis in the lean lines (84) . Unlike in mammals, insulin has a minimal effect on lipolysis and metabolism in avian adipose tissue (23, 45, 69) . These three lines of chickens therefore present a novel model in which to characterize the association between leanness and lipolysis in the context of adipose insulin resistance.
Mammals, but not avians, contain brown fat and brown adipocytes likely contribute to the adaptive increase in fatty acid oxidation described in mouse models with forced lipoly- sis. Nonetheless, white adipocytes also have this capacity, as Yehuda-Shnaidman et al. (81) found that lipolytic activation of human white adipocytes stimulated cellular respiration in a manner that depended upon fatty acids liberated through lipolysis. Interestingly, this response was blunted in adipocytes from obese individuals. Lipolysis may be coupled to fatty acid oxidation through the provision of fatty acids or lipid metabolites that act as ligands for peroxisome proliferator-activated receptor (PPAR)-␣, which transcriptionally regulates enzymes of the oxidation pathway (reviewed in Refs. 27, 61) . Lipolysis is necessary to generate endogenous ligands for PPAR-␣, and loss of lipolytic capacity impairs PPAR-␣ activation (34) . The extent to which adipose fatty acid oxidation, perhaps increased by enhanced availability of free fatty acids within adipose tissue, plays a role in the leaner phenotypes of Leghorn and Fayoumi vs. broilers remains to be determined. The advanced intercross lines developed from these three parental strains could be a valuable resource in which to test the quantitative relationship between lipid catabolism and adipose mass, and to identify the underlying genetic loci and molecular networks linked to these traits.
Not all differentially expressed pathways between the lean strain vs. broiler comparison were shared by Fayoumi and Leghorn. Despite similarities in body composition and comparable adipocyte size, microarray data indicate significant differences in the process of adipogenesis in Leghorn compared with both Fayoumi and broilers. Differentially expressed genes in this pathway include members of the notch, smoothened, and hedgehog signaling pathways, which interact in regulating the commitment of pluripotent mesenchymal stem cells to adipocyte or osteoblast lineages (56) . Leghorns were the breed used for selection for commercial white egg production, a process with high demands on energy allocation and calcium utilization. It is therefore intriguing to speculate that selection for egg production included enrichment for alleles that inhibit adipogenesis in favor of processes related to bone formation, although we have no data on which to base this hypothesis. Leghorns may therefore be a relevant model in which to identify endogenous factors that reciprocally regulate adipogenesis and osteogenesis in mesenchymal stem cells, a relationship with significant health implications during aging.
Genes involved in propanoate metabolism, a pathway that includes catabolism of branched chain fatty acids and amino acids, were significantly downregulated in Fayoumi vs. broilers. Metabolism of both branched chain fatty acids and amino acids have been linked to obesity (13, 50) . The specific roles for this pathway in adipose tissue metabolism are unclear, but recent studies suggest links to fatty acid oxidation and insulin sensitivity. Rasouli et al. (64) reported that propanoate metabolism was downregulated in adipose tissue of insulin-resistant subjects and upregulated by combined treatment with PPAR-␣ and PPAR-␥ agonists, which also restored insulin sensitivity. Expression of genes in this pathway correlated with lipid profiles that are associated with Type 2 diabetes in humans (83) . Genes in the propanoate metabolism pathway were downregulated in mice fed conjugated linoleic acid supplements, which induced delipidation of adipose tissue (51) , and in mice lacking PPAR-␣ (35), which promotes fatty acid oxidation. Specific pathway genes that were differentially expressed in lean lines vs. broiler have been linked to increased fatty acid oxidation and leanness, including malonyl CoA decarboxylase (52) and EHHADH (40) .
The metabolomics data also suggest that there are major differences in the way nutrients are handled in both lean lines vs. broiler. The relative concentrations of nearly all metabolites were increased in both Fayoumi and Leghorn vs. broiler. Furthermore, levels of specific metabolites involved in lipid transport and metabolism were also altered in the lean lines, and both contained significantly higher concentrations of the lipid head groups taurine, ethanolamine, and glycerophosphocholine, as well as carnitine and acetylcarnitine, which are involved in trafficking fatty acids from the cytosol to mitochondria for consumption. The amino acids lysine and methionine are needed for the biosynthesis of carnitine, and levels of both metabolites were also elevated in Fayoumi and Leghorn vs. broiler. Only a few differences between Fayoumi and Leghorn were noted, and they were primarily in metabolites involved in glycolysis and the oxidative stress response, e.g., pyruvate, 3-phosphoglycerate, glutathione, glutathione disulfide, and NADPH (note that NADPH and glutathione are also needed in the first step of glycolysis).
In summary, we identified pathways that appear to underlie leanness in domestic chickens. Our data suggest that leanness is mediated by a combination of shared and unique mechanisms in Fayoumi and Leghorn relative to broilers (Fig. 4) . Most of these pathways have been implicated in differential fatness in humans or rodents, but many are either not wellstudied to date or their role in white adipose tissue specifically has not been thoroughly characterized. The chicken offers unique features as a model organism that makes it complementary to rodents for studies of human obesity. The results described herein highlight a number of future directions with which to fully exploit this model for the benefit of both human health research and the efficiency of the commercial poultry industry.
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